The mechanism of development of host resistance to blood-stage malarial infection was studied by use of an irradiation-induced attenuated variant, Plasmodium berghei XAT, obtained from a lethal strain, P. berghei NK65. The infection enhanced mRNA expression of interleukin (IL)-12 p40 and also of interferon (IFN)-g, IL-4, IL-10, and cytokine-inducible nitric oxide synthase (iNOS) in spleen. Treatment of these mice with anti -IL-12 or anti -IFN-g led to the progression of parasitemia and fatal outcome. Anti -IL-12 treatment significantly reduced the secretion and mRNA expression of IFN-g and greatly diminished the augmentation of iNOS mRNA expression. In addition, recombinant IL-12 administration delayed the onset of parasitemia because of the enhanced IFN-g production. These results suggest that blood-stage P. berghei XAT infection induces IL-12 production, which is important for the development of host resistance via IFN-g production.
Early host responses in the phase of innate immunity involvcells were shown to be Th1 type, and the frequency of Th2 cells increased as the infection progressed [14] . In addition, ing phagocytes and NK cells to an invading pathogen appear to be responsible in determining the development of adaptive Th1 cells were shown to be preferentially activated in resistant C57BL/6 mice and Th2 cells in susceptible A/J mice early in immunity involving functionally distinct T helper (Th) cell subsets, Th1 and Th2. Th1 cells induce cell-mediated immunity the course of blood-stage P. chabaudi AS infection [18] . Recently, susceptible A/J mice were shown to convert to resisto eliminate intracellular pathogens, and Th2 cells mediate hutance to P. chabaudi AS infection by treatment with recombimoral immune responses and are often associated with patholnant (r) IL-12, and IFN-g production was essential for the ogy [1, 2] . Eventual outcome of infection appears to depend conversion [19] . Thus, in blood-stage malarial infection, proon the balance of these Th cells. One host factor that is bridging tective immune responses were shown to be a result of a preinnate resistance and adaptive immunity and of critical impordominant Th1 response, and IFN-g plays a critical role in the tance to determine the differentiation to respective Th cells is regulation of the infection [20 -23] . A similar protective effect the cytokine interleukin (IL)-12 [3, 4] . IL-12 is a heterodimeric of rIL-12 administration was also shown in mice and monkeys cytokine produced by monocytes/macrophages and dendritic challenged with sporozoites of Plasmodium yoelii [24] and cells in response to bacteria and bacterial products and also by Plasmodium cynomolgi [25] , respectively. the stimulation of CD40 expressed on antigen-presenting cells Plasmodium berghei XAT is an irradiation-induced attenuwith CD40 ligand on activated T cells; it induces interferon ated variant obtained from a lethal strain, P. berghei NK65 (IFN)-g production by NK cells and T cells [5 -8] . IL-12 has [26] . Blood-stage P. berghei XAT parasites are spontaneously been demonstrated to be crucial for the generation of a proteccleared in immune-competent mice after two peaks of parative Th1 response to a variety of intracellular pathogens, such sitemia, while parasitemia in mice infected with blood-stage as Leishmania major [9, 10] , Toxoplasma gondii [11, 12] , and P. berghei NK65 increases progressively and all mice die in lymphocytic choriomeningitis virus [13] .
2 -3 weeks [23, 26] . In addition, mice that have recovered A quantity of evidence has accumulated for the importance from blood-stage P. berghei XAT infection exhibit a strong of Th cells in the resolution of blood-stage malarial infection resistance to challenge with blood-stage P. berghei NK65, indi- [14 -17] . In the first period of blood-stage Plasmodium chacating that P. berghei XAT is a good model for live vaccine. baudi AS infection, the predominant parasite-specific CD4 T Therefore, comparison of immune responses induced by these two parasites would help us to elucidate the mechanism of development of host resistance to blood-stage malarial infec- by G. Trinchieri) as described [34] and rat anti-mouse IFN-g (R4-
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Increased susceptibility to blood-stage P. berghei XAT infec-
6A2 and XMG1.2; PharMingen, San Diego) according to the man-
tion in mice treated with neutralizing MAb against IL-12 or
ufacturer's instructions [35] , respectively. IFN-g for 4 consecutive days from the day of parasite inoculaeventually died (figure 1B). Parasitemia with similar time kinetics and fatal outcome was also observed in mice treated with tion and then twice a week to neutralize these cytokines in infected mice. Mice treated with anti -IFN-g increased in paraanti -IL-12 (figure 1B). In contrast, treatment with control antibody did not affect the parasitemia of infected mice. These sitemia more progressively than did splenectomized mice and 4 parasitized red blood cells, spleens were obtained at various Figure 3 . Enhanced IL-12 p40 and IFN-g production by bloodstage P. berghei XAT infection. After intravenous inoculation with times, and total RNA was analyzed by reverse transcriptase-polymerase chain reaction. Amplified products were size-fractionated by electropho-10 4 parasitized red blood cells, spleens were obtained at various times and cultured in vitro without addition of parasite antigen for 48 h. resis on 2% agarose gels followed by Southern blot hybridization with 32 P end-labeled internal oligonucleotide probes. Similar results were Culture supernatants were assayed for measurement of IL-12 p40 and IFN-g by ELISA. Data are means { SDs of 2 -5 mice. *P õ .05 obtained in 3 repeated experiments. iNOS, inducible nitric oxide synthase; HPRT, hypoxanthine phosphoribosyl transferase. and **P õ .003 compared with day 0.
IFN-g. To examine which cytokine is important for the pro-
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results suggest that IL-12 and IFN-g play a critical role in treatment. In addition, iNOS mRNA expression was also obviously reduced by treatment. These results suggest that IFN-g development of host resistance to P. berghei XAT infection.
Reduced IFN-g production by treatment with anti -IL-12. production in spleen cells of P. berghei XAT -infected mice is largely dependent on IL-12 activity induced by the infection, To verify that the IFN-g production in infected mice is induced by IL-12, we next examined the effect of neutralization of ILand the IL-12 presumably induces iNOS mRNA expression as well, which could be involved in parasite elimination, probably 12 activity with anti -IL-12 on IFN-g production. Spleen cells from anti -IL-12 -injected mice were cultured at various time via IFN-g. Increased resistance to blood-stage P. berghei XAT infection intervals after parasite inoculation, and IFN-g secreted spontaneously in culture was assayed by ELISA. IFN-g production by rIL-12 administration. rIL-12 administration has been demonstrated to induce resistance to P. chabaudi AS by inby spleen cells from infected mice was significantly reduced by treatment with anti -IL-12 but not with control antibody creasing CD4 Th1 responses, which involves IFN-g and tumor necrosis factor-a and is in part nitric oxide (NO) -dependent (figure 4). To confirm the reduced IFN-g production, we examined IFN-g mRNA expression of spleen cells by RT-PCR. [19] . To confirm the critical involvement of IL-12 in the protective immunity to blood-stage P. berghei XAT infection, the Consistent with the results by ELISA described above, IFN-g mRNA expression was greatly reduced by treatment with antieffect of rIL-12 administration on resistance to infection was examined. Mice were treated with various doses (30, 100, and IL-12 (figure 5). In contrast, the expression of IL-4 and IL-10 mRNA appeared to be minimally affected by anti -IL-12 300 ng/injection/mouse) of rIL-12 for 5 consecutive days from Figure 5 . Reduced IFN-g and iNOS mRNA expression in spleen by treatment with neutralizing monoclonal antibody (MAb) against IL-12. After intravenous inoculation with 10 4 parasitized red blood cells, endogenously produced IL-12 was neutralized by treatment with anti -IL-12 for 4 consecutive days from day of inoculation, then twice weekly. Normal rat IgG was used as control. Spleens were obtained at various time intervals and total RNA was prepared and subjected to reverse transcriptase -polymerase chain reaction. Amplified products were size-fractionated by electrophoresis on 2% agarose gels followed by Southern blot hybridization with 1 day before parasite inoculation. In mice treated with 30 ng/ slightly by rIL-12 injection. Moreover, spleen cells from infected mice treated with rIL-12 showed enhanced IFN-g proinjection/mouse of rIL-12, parasitemia appeared to be of a single peak and the onset was delayed for Ç6 days (figure 6A). duction without in vitro stimulation and also in response to concanavalin A or anti-CD3 compared with those from mice Onset of parasitemia was delayed more by increasing the dose of rIL-12 ( figure 6A, C) .
infected but not treated with rIL-12 (data not shown). In contrast, IL-4 production of spleen cells from infected mice in Since IL-12 is known to promote the development of Th1 cells [3 -5] , the effect of rIL-12 (100 ng/injection/mouse) adresponse to concanavalin A or anti-CD3 was suppressed by treatment with rIL-12 (data not shown). ministration on the expression of cytokines in spleen cells from infected mice was examined by RT-PCR ( figure 7) . Treatment
Since the augmentation of host resistance by rIL-12 seemed to be associated with enhanced IFN-g production, we next with rIL-12 induced IFN-g and IL-10 mRNA expression shortly after the treatment, even without parasite inoculation, examined the effect of rIFN-g administration on parasitemia.
The administration of rIFN-g (5 1 10 4 U/injection/mouse) as previously described [36, 37] , and, in contrast, suppressed IL-4 mRNA expression. Parasite infection and rIL-12 injection efficiently suppressed the parasitemia, as reported [20] , and the parasitemia was delayed in onset (figure 6B). Moreover, when exerted additive effects on IFN-g and IL-10 mRNA expression, and IL-4 mRNA expression was delayed and suppressed anti -IFN-g was injected into mice infected and treated with / 9d46$$ju06 04-08-98 11:09:01 jinfa UC: J Infect parasitized red blood cells were injected intraperitoneally with rIL-12 (100 ng/injection/mouse) for 5 consecutive days from 1 day before parasite inoculation. Spleens were obtained at various time intervals, and total RNA was prepared and subjected to reverse transcriptasepolymerase chain reaction analysis. Amplified products were size-fractionated by electrophoresis on 2% agarose gels followed by Southern blot hybridization with 32 P end-labeled internal oligonucleotide probes. Similar results were obtained in 2 repeated experiments.
rIL-12 (300 ng/injection/mouse), these mice exhibited a proof host resistance to blood-stage P. berghei XAT infection is dependent on PRBC-induced IL-12 via IFN-g production. gressively increasing parasitemia, could not clear PRBC, and eventually died (figure 6C), as did mice treated with anti -IFN-P. berghei XAT parasites are cleared spontaneously in immune-competent mice after two peaks of parasitemia. The first g without rIL-12 administration (figure 1B), although infected mice treated with the same dose of rIL-12 had delayed appearpeak appears around day 6 and the second around day 13 after inoculation with PRBC; then, all parasites are eliminated from ance of parasitemia and cleared PRBC ( figure 6C ). These results suggest that rIL-12 administration greatly enhances the the blood. In each phase, different mechanisms, such as innate and adaptive immunities, respectively, appear to contribute to development of host resistance to blood-stage P. berghei XAT infection by augmenting a Th1 response, especially IFN-g prothe development of host resistance to the parasites. Treatment with neutralizing MAb against IL-12 or IFN-g abrogated the duction.
development of host resistance. In contrast, in our previous results, neutralization of IL-4 was shown not to affect the paraDiscussion sitemia and eventual outcome [23, 27] . In mice treated with anti -IL-12, the enhanced secretion and mRNA expression of We previously demonstrated that IFN-g produced by CD4 T cells is a key factor in establishing the host resistance to IFN-g were greatly diminished and iNOS mRNA expression was minimally augmented. In addition, we observed NK cell blood-stage P. berghei XAT [23] . In the present study, we further analyzed the mechanism of development of host resisactivation in spleen, which was largely dependent on IL-12 (unpublished data). Thus, these results suggest that the bloodtance and revealed that blood-stage P. berghei XAT infection induces endogenous IL-12 production in spleen and that neustage P. berghei XAT infection induces IL-12 production by spleen cells, and the cytokine enhances NK cell activation tralization of the IL-12 by treatment with anti -IL-12 resulted in significantly reduced IFN-g production accompanied by diand presumably NO production via IFN-g. Recently, NO was suggested to play an important role in host resistance to bloodminished iNOS mRNA expression in spleen, leading to increasing parasitemia and fatal outcome. Consistent with these restage P. chabaudi AS infection by the finding that treatment of infected mice with an iNOS inhibitor results in increased sults, we have very recently observed that IL-12 p40 transgenic mice, which abundantly have p40 molecules including p40 parasitemia [17] . However, iNOS mRNA expression was transient, and this effector mechanism is not efficient enough to homodimer in blood, are suppressed in IL-12 functions because of the antagonistic effect of p40 and exhibit an increased suseliminate all parasites from the blood. This may explain why infected mice showed the second increase in parasitemia. ceptibility to blood-stage P. berghei XAT infection [38] . In addition, much higher susceptibility to parasite infection was
We previously demonstrated the importance of the antibody response in recovery from P. berghei XAT infection [27] . Conseen in CD40 knockout mice [39] , in which IL-12 production via CD40L-CD40 interaction is abrogated (unpublished data).
sistent with the present results regarding mRNA expression of cytokines, both Th1 and Th2 cells appeared to be stimulated In our preliminary experiments, uninfected spleen cells produced small but significant amounts of IL-12 p40 and IFN-g during infection, as described in our previous experiments [27] .
In these experiments, anti -IL-4 interfered with IgG1 anti-paraby incubation with RBC parasitized with P. berghei XAT in vitro, and IFN-g production was inhibited by the inclusion of site antibody production, whereas anti -IFN-g suppressed IgG2a anti-parasite antibody production, and IgG2a antibody anti -IL-12, suggesting the induction of IL-12 -dependent IFNg production by PRBC, even in vitro. Thus, the development was shown to be effective in the eradication of parasites [27] .
/ 9d46$$ju06 04-08-98 11:09:01 jinfa UC: J Infect A similar protective effect of antibody in a recrudescence phase studied recently. Circulating IFN-g and IL-10 were reported to be significantly higher in patients with severe malarial disof parasitemia was reported in blood-stage P. chabaudi AS infection, although the isotype of the effective antibody was ease [42, 43] , although functional significance of these cytokines and others, including IL-12, remains to be elucidated. IgG1 [17] . Furthermore, treatment of mice infected with P. chabaudi AS with anti -IL-12 resulted in a more severe course Taken together, the present results suggest that blood-stage P. berghei XAT infection induces IL-12 production that is of infection, although survival was not significantly altered [19] . These results indicate that IL-12 plays an important role important for the development of host resistance via IFN-g production. Moreover, the present results would further support in the host resistance to infection with various strains of murine malaria parasites, although the degree of participation in the the applicability of IL-12 as a therapeutic agent in the induction of host resistance and potentially protective immunity to blooddefense mechanisms would be different depending on the strain. Thus, the development of host resistance to P. berghei stage and also liver-stage malarial infection. XAT infection highly depends on IFN-g, whose production is important for the generation of not only innate immunity in-and monkeys challenged with sporozoites of P. yoelii [24] 12. Gazzinelli RT, Wysocka M, Hayashi S, et al. Parasite-induced IL-12 stimuand P. cynomolgi [25] , respectively. In both cases, intrahepatic 
